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1. Introduction 

The US Army Combat Capabilities Development Command Army Research 

Laboratory (ARL) has been evaluating and designing efficient broadband  

high-power amplifiers for use in sensors, communications, networking, and 

electronic warfare (EW). ARL submitted designs of Ka-band low-noise amplifiers 

(LNAs), power amplifiers (PAs), and transmit receive (T/R) switches using Qorvo 

Inc.ôs high-performance 0.15-ɛm gallium nitride (GaN) fabrication process. These 

amplifiers were fabricated as one- and two-stage designs as well as integrated T/R 

modules for bidirectional transceivers as part of a recent ARL Qorvo Prototype 

Wafer Option (PWO), which yields many different designs from two full 4-inch 

GaN wafers. This technical report documents testing and analysis of these designs, 

as well as lessons learned for improvements to future design efforts. (See ARL-TR-

8855 for documentation of these designs.1) 

2. Low-Noise Amplifiers 

The key component for a Ka-band transceiver is the LNA, which, when 

implemented in GaN, has the added advantages of high dynamic range and robust 

survivability to high-power interference signals. These LNAs were designed with 

a goal of several gigahertz bandwidth centered around 28 GHz. Various matching 

topologies, stabilizing approaches, and tradeoffs of gain versus noise figure were 

explored for two high-electron-mobility transistor (HEMT) sizes, using the limited 

devices in the process design kit (PDK) that had noise data, for 5-V or 10-V biases. 

These designs were intended for 10-V operation, so while they work over biases of 

5 V to 28 V, the targeted optimal performance is at 10 V with a typical 100-mA/mm 

drain current. The LNAs were designed as two-stage amplifiers, with the first stage 

optimized for low noise figure. Even though the first stages were not designed for 

optimal use as a standalone amplifier, they were fabricated as test circuits for testing 

and analysis of the two-stage LNAs. There were two designs based on a 4- × 25-

ɛm and a 6- × 25-ɛm HEMT, each trading off stability, noise figure, return loss, 

and gain. Initially, the larger 6- × 25-ɛm LNA design seemed a narrower band 

stable design compared with a potentially broader band gain with the smaller 

HEMT size but with a riskier tradeoff of stability versus stability. 

Figure 1 shows a plot of measurements (solid) versus simulations (dash) of the 

small signal s-parameters of the first-stage 6- × 25-ɛm LNA, at the nominal 10-V 

DC bias. While the shapes are similar, the actual gain is higher but slightly narrower 

band. A similar comparison plot is shown in Fig. 2 for the same LNA measured at 

5 V. The shift to a lower frequency, both simulated and measured, is noted at the 
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lower 5-V bias. Recall that the design was intended for 28 GHz at 10-V operation, 

but could be used at the lower 5-V operation for a slightly lower frequency band 

operation, or conversely, over slightly higher frequency bands for DC voltages 

higher than 10 V. An electromagnetic (EM) resimulation of the full one-stage LNA 

layout was repeated to eliminate the possibility of unsimulated parasitic interaction 

among the input match, source inductance, and output match of this very compact 

layout. But, the full EM layout result was similar to the original simulation where 

those three EM layouts were independent sections. The higher gain peak could be 

explained by lower than expected source inductance, or could be due to typical 

process variation in fabrication.  
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Fig. 1 Measured (solid) vs. simulation (dash) one-stage 6- × 25-ɛm LNA (10 V) 
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Fig. 2 Measured (solid) vs. simulation (dash) one-stage 6- × 25-ɛm LNA (5 V) 
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With the other 4- × 25-ɛm LNA, there is excellent agreement between measured 

and simulated performances. Figure 3 shows measured (solid) versus simulation 

(dash) plot of the small signal s-parameters of the first stage 4- × 25-ɛm LNA, at 

the nominal 10-V DC bias, while Fig. 4 is the same comparison but at 5-V DC bias. 

Once again, the peak performance shifts down a few GHz at the lower 5-V bias but 

agrees well with the linear simulation. It should be noted the nonlinear device 

models for the 4- × 25-ɛm and 6- × 25-ɛm HEMTs did not agree nearly as well as 

the linear models; possibly they only fit well for higher voltages or possibly these 

particular models need updating. As a standalone one-stage amplifier, the 4- × 25-

ɛm first-stage shows broader, but lower, gain in comparison with the 6- × 25-ɛm 

LNA.  
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Fig. 3 Measured (solid) vs. simulation (dash) one-stage 4- × 25-ɛm LNA (10 V) 
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Fig. 4 Measured (solid) vs. simulation (dash) one-stage 4- × 25-ɛm LNA (5 V) 
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For the two-stage LNA design of the 6- × 25-ɛm HEMT, the gain peak is even more 

pronounced than the one-stage; otherwise, the gain curve follows the prediction. 

There is also an unstable region, as the input match is very poor right at the gain 

peak, especially at the lower 5-V DC bias. Figure 5 shows measured (solid) versus 

simulation (dash) plot of the small signal s-parameters of the two-stage 6- × 25-ɛm 

LNA at 10-V DC bias, while Fig. 6 is the same comparison at 5-V DC bias. It may 

be that the high gain peak of more than 20 dB at 26ï27 GHz at 10 V, and closer to 

25 GHz at 5 V, could be due to typical process variation. Fortunately, the other two-

stage 4- × 25-ɛm LNA, which uses less DC power (20 mA vs. 30 mA), yields 

broader band gain, and was included in the T/R module layouts of these first-pass 

designs. 
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Fig. 5 Measured (solid) vs. simulation (dash) two-stage 6- × 25-ɛm LNA (10 V) 
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Fig. 6 Measured (solid) vs. simulation (dash) two-stage 6- × 25-ɛm LNA (5 V) 
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As with the first-stage, the two-stage 4- × 25-ɛm LNA shows very good agreement 

between measured and simulated performances. Figure 7 shows a measured (solid) 

versus simulation (dash) plot of the small signal s-parameters of the two-stage 6- × 

25-ɛm LNA at 10-V DC bias, while Fig. 8 is the same comparison at 5-V DC bias. 

There is the slight downshift of gain performance by a few GHz between the design 

biased at 10 V versus 5 V. The minimal differences between measured and 

simulated s-parameters are within typical process variation and/or typical modeling 

accuracy. The noise figure still needs to be measured for these LNA designs to 

verify the expected performance, particularly for the 4- × 25-ɛm LNA design 

included in the T/R modules. Poor return loss and potential instability of the two-

stage 6- × 25-ɛm LNA design may make noise-figure measurements difficult, or 

result in higher than expected noise figure.  
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Fig. 7 Measured (solid) vs. simulation (dash) two-stage 4- × 25-ɛm LNA (10 V) 
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Fig. 8 Measured (solid) vs. simulation (dash) two-stage 4- × 25-ɛm LNA (5 V) 
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3. Power Amplifiers 

Designs for a Ka-band transceiver included efficient PAs with an output power goal 

near 1 W at 28 GHz. The PA design variations comprised a 4- × 50-ɛm HEMT as 

both a driver and output stage and an 8- × 50-ɛm HEMT as an output stage. The 

designs were optimized for nominal DC biases of 28 V (100 mA/mm), but should 

operate well at 20 V with less output power. To achieve sufficient gain, a two-stage 

amplifier was designed with an output stage matched for power and efficiency. 

Both the 4- × 50-ɛm and 8- × 50-ɛm one-stage PAs were fabricated standalone for 

test and evaluation. Small signal s-parameters are measured first to verify gain and 

stability before measuring power performance. 

Figure 9 shows measured (solid) versus simulation (dash) plots of the small signal 

s-parameters of the 4- × 50-ɛm PA at the nominal 28-V DC bias. Measurements at 

20 V are also shown, though the results shift down in frequency and exhibit slightly 

lower gain. This trend continues for measurements at 10 V and 5 V as the gain 

bandwidth shifts lower in frequency and drops in gain for lower drain voltages. 

Gain is also typically a function of drain current, with good gain exhibited for a 

typical 100-mA/mm bias, with even more gain at 150 mA/mm, and only a slight 

increase of gain at 200 mA/mm. Simulations with the HEMT models predict similar 

small signal performance between 20 V and 28 V, while measurements show a 

larger variation between 20-V and 28-V DC biases.  
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Fig. 9 Measured (solid) vs. simulation (dash) one-stage 4- × 50-ɛm PA (20 V, 28 V) 
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Figure 10 shows measured (solid) versus simulation (dash) plots of the small signal 

s-parameters of the 8- × 50-ɛm PA at the nominal 28-V DC bias. Measurements at 

20 V are also shown, with a similar down shift of gain versus frequency and slightly 

lower gain. Note the slightly narrower gain peak of the larger 8- × 50-ɛm HEMT 

PA compared with the previous 4- × 50-ɛm PA.  

Two different two-stage amplifiers were designed; both used the 4- × 50-ɛm PA as 

a driver stage, while one used the 4- × 50-ɛm as an output stage and the other used 

the larger 8- × 50-ɛm output stage to achieve more than 1 W of output power. The 

plot in Fig. 11 shows good agreement between measurements (solid) and 

simulations (dash) of the small signal s-parameters of the two-stage 4- × 50-ɛm PA 

at 20-V and 28-V DC bias. This PA yields very good broadband gain, up to 24 dB 

(28 GHz, 28 V). Figure 12 shows measured (solid) versus simulation (dash) plots 

of the small signal s-parameters of the two-stage 4- × 50-ɛm, 8- × 50-ɛm PA at 20-

V and 28-V DC bias. This also has excellent gain near 25 dB with good agreement, 

though the input match is poorer than expected. This could be due to typical process 

variation, or the bias may need to be adjusted to improve the agreement to 

simulations.  



 

17 

 

Fig. 10 Measured (solid) vs. simulation (dash) one-stage 8- × 50-ɛm PA (20 V, 28 V) 
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Fig. 11 Measured (solid) vs. simulation (dash) two-stage 4- × 50-ɛm, 4- × 50-ɛm PA (20 V, 

28 V) 
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Fig. 12 Measured (solid) vs. simulation (dash) two-stage 4- × 50-ɛm, 8- × 50-ɛm PA (20 V, 28 V) 




























































































































